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(57) ABSTRACT

The 1nvention provides methods of cultivating microalgae
photoautotrophically outdoors to prepare concentrated
microalgae products containing eicosapentaenoic acid (EPA)
and docosahexaenoic acid (DHA) docosahexaenoic acid, two
long-chain polyunsaturated fatty acids found 1n fish o1l that
are very important for human and animal health. It also pro-
vides concentrated microalgae products containing EPA and
DHA and purified lipid products containing EPA and DHA
purified from microalgae. One embodiment provides a con-
centrated microalgae composition prepared by a process
comprising: (a) cultivating microalgae photoautotrophically
outdoors 1n open ponds under filtered sunlight in continuous
or batch mode at a dilution rate of less than 35% per day; (b)
harvesting the microalgae in exponential phase when cell
number 1s increasing at a rate of at least 20% of maximal rate;
and (c¢) concentrating the microalgae; wherein at least 40% by
weilght of lipids 1n the microalgae are 1n the form of glyco-
diacylglycerides, phosphodiacylglycerides, or a combination
thereol and at least 5% by weight of fatty acids are DHA,
EPA, or a combination thereof.

13 Claims, No Drawings
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PHOTOAUTOTROPHIC GROWTH OF
MICROALGAE FOR OMEGA-3 FATTY ACID
PRODUCTION

This application claims priority under 35 U.S.C. § 119to 5
India National Patent Application, ‘“Photoautotrophic
Growth of Microalgae for Omega-3 Fatty Acid Production,”
filed Dec. 15, 2006, Applicant Parry Nutraceuticals, Inventors

Swat1 Sebastian Thomas and Swaminathan Kumaravel.
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BACKGROUND

Eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA) are Long Chain Poly-Unsaturated Fatty Acids
(LCPUFA) and belong to the omega-3 family. These polyun- 15
saturated fats play a very important role 1n the function of our
bodies and have been shown to be important in maintaining,
brain, retina and cardiovascular health (1-9). These fatty acids
also play an important role 1n inflammation and thus they are
usetul for fighting diseases linked to inflammation, which 20
include cardiovascular disease and arthritis (10-12).

The nutritional importance of EPA and DHA began emerg-
ing 1n the mid 1980s. The paleolithic diet contained small and
roughly equal amounts on Omega-6 and Omega-3 PUFAs
(ratio of 1-2:1) (13). An 1mbalance of this ratio can cause 25
many age related health problems and neurodegenerative dis-

cases (14).

In the 1980s, the major source of these LCPUFAs 1n the
human diet was from fish or from fish o1l capsules. But fish
stocks are declining throughout the world due to overfishing. 30
In addition, fish accumulate methyl mercury, PCB’s and other
toxins 1n their fat tissue, and these thus contaminate fish oils.

Fish do not synthesize EPA and DHA; they accumulate
them from eating phytoplankton or eating amimals that eat
phytoplankton. It 1s the phytoplankton and other microbes 35
that are the primary producers of EPA and DHA. Thus, an
alternative source of EPA and DHA 1s microorganisms, and
particularly phytoplankton.

A search 1s on to find suitable organmisms to produce EPA-
and DHA-containing oils (15-19). 40
The main difference 1n fish oils and algal oils 1s their

structure. Fish oils are storage lipids and are in the form of
triacylglycerides. The algal lipids are a mixture of storage
lipids and membrane lipids. The EPA and DHA present 1n
algae 1s mostly 1n the form of glycolipids and a small percent- 45
age 1s 1n the form of phospholipids. Glycolipids are mostly
part of chloroplast membranes and phospholipids are part of
cell membranes. Since glycolipids and phospholipids com-
prise a maximum of approximately 10-15% of the dry weight

of algae, EPA and DHA production in this form 1s not con- 50
sidered economically viable. It has been suggested that cost
elfective production of EPA and DHA from algae (or any
other microbes) would require the use of microbial strains
that could produce large amounts of triacyglycerides (21).

Marine algae rich in EPA or DHA are produced by hatch- 55
eries 1n greenhouses or indoors 1n large tanks or transparent
cylinders. But such methods are expensive and commercially
not viable.

Economical ways of raising microorganisms that accumu-
late EPA and DHA are lacking. Microalgae have the potential 60
to be raised photoautotrophically—Dby photosynthesis with-
out a reduced carbon source, using CO, as their carbon
source. Since sunlight 1s free and land 1s inexpensive 1n some
areas, 1t would be advantageous to raise microalgae outdoors
photoautotrophically with sunlight 1n a way that results in 65
accumulation of EPA and/or DHA. But culturing microalgae
outdoors photoautotrophically 1s challenging because the

2

cultures grow slowly and are prone to become contaminated
when cultured outdoors. In addition, strains that may accu-

mulate signmificant quantities of EPA or DHA under caretully
controlled conditions may not accumulate as much under
outdoor photoautotrophic conditions.

New sources of EPA and DHA {for human nutritional
supplements and as animal feed and aquaculture feed are
needed. New improved methods of culturing microalgae to
serve as a source of EPA or DHA are needed. Identification of
microorganisms that are suitable sources of DHA and EPA
for humans, seatood, and livestock 1s needed.

SUMMARY

The 1invention mvolves the discovery of successtul meth-
ods of culturing microalgae photoautotrophically outdoors to
accumulate EPA and/or DHA and thus serve as a source of
EPA or DHA supplementation 1n human nutritional supple-
ments or in animal feed or aquaculture feed. One embodiment
of the invention mvolves the discovery that using a net over
the cultures to filter sunlight to a reduced 1ntensity 1s a key to
successiul cultivation of EPA-accumulating and DHA-accu-
mulating microalgal strains. The invention also involves
diluting the photoautotrophic cultures at a rate of about 15%
to 30% per day. This 1s significantly less than the maximal
doubling rate of the cultures, but allows stable maintenance of
the cultures 1n outdoor photoautotrophic conditions and good
accumulation of EPA and DHA. The invention also involves
harvesting cultures 1n the exponential phase of cell growth,
instead of stationary phase, and harvesting cultures with EPA
and DHA predominantly in the form of membrane lipids
instead of storage lipids. Cells 1n stationary phase accumulate
more lipid 1n triacylglycerides as storage lipids. During expo-
nential growth the cells have less storage lipid and most lipid
1s 1n membranes 1n the form of phospho- and glyco-diacylg-
lycerides. The inventors have found that the photoautotrophic
cultures accumulate large amounts of EPA and DHA as phos-
pho- and glyco-diacylglycerides when harvested 1n exponen-
tial growth.

The mvention also provides for the successiul cultivation
of microalgae photoautotrophically for EPA and DHA accu-
mulation at the relatively high temperatures of above 20° C.
or 30° C. This 1s important because others have reported
better EPA and DHA accumulation at low temperatures, but
microalgae grow faster at high temperatures (15, 22). Further-
more, microalgae can best be cultured outdoors year round in
the tropics, but this requires culturing them at high tempera-
tures unless expensive refrigeration systems are used.

One embodiment of the mvention provides a method of
preparing a concentrated microalgae composition mvolving:
(a) cultivating microalgae photoautotrophically outdoors 1n
open ponds under filtered sunlight 1n continuous or batch
mode at a dilution rate of less than 35% per day; (b) harvesting
the microalgae 1n exponential phase when cell number 1s
increasing at a rate of at least 20% of maximal rate; and (c)
concentrating the microalgae; wherein at least 40% of lipids
in the microalgae are in the form of glycodiacylglycerides,
phosphodiacylglycernides, or a combination thereof and at
least 5% (pretferably at least 10%) by weight of fatty acids are
DHA, EPA, or a combination thereof.

Another embodiment provides a concentrated microalgae
composition prepared by a process involving: (a) cultivating
microalgae photoautotrophically outdoors in open ponds
under filtered sunlight 1n continuous or batch mode at a dilu-
tion rate of less than 35% per day; (b) harvesting the microal-
gae 1n exponential phase when cell number 1s 1ncreasing at a
rate of at least 20% of maximal rate; and (¢) concentrating the
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microalgae; wherein at least 40% by weight of lipids in the
microalgae are in the form of glycodiacylglycerides, phos-
phodiacylglycerides, or a combination thereof and atleast 5%
(preferably at least 10%) by weight of fatty acids are DHA,
EPA, or a combination thereof.

Another embodiment provides a concentrated microalgae
composition prepared by a process comprising: (a) cultivat-
ing microalgae photoautotrophically outdoors 1n open ponds
under filtered sunlight; and (b) concentrating the microalgae;
wherein at least 20% by weight of the fatty acids in the
microalgae are eicosapentaenoic acid (EPA).

Another embodiment provides a concentrated microalgae
composition prepared by a process comprising: (a) cultivat-
ing microalgae photoautotrophically outdoors 1n open ponds;
and
(b) concentrating the microalgae; wherein the microalgae are
cultivated at above 20° C. and the microalgae are Chlorophyta
and the eicosapentaenoic acid (EPA) yield in the microalgae
1s at least 10 mg/liter culture.

Another embodiment provides a concentrated microalgae
composition prepared by a process comprising: (a) cultivat-
ing microalgae photoautotrophically outdoors 1n open ponds;
and
(b) concentrating the microalgae; wherein the microalgae are

Thalassiosira sp. or Chaetoceros sp., and at least 20% by
weight of the fatty acids in the microalgae are eicosapen-
tacnoic acid (EPA). Preferably the EPA vield 1s at least 10
mg/liter culture.

Another embodiment of the invention provides a concen-
trated microalgae composition prepared by a process com-
prising: (a) cultivating microalgae photoautotrophically out-
doors 1 open ponds under filtered sunlight; and (b)
concentrating the microalgae; wherein the microalgae are
Prymnesiophyta and the DHA vyield 1s at least 3 mg/liter
culture, and DHA 1s at least 10% by weight of total fatty acids.

Another embodiment of the invention provides a food
grade dietary supplement for human consumption compris-
ing a concentrated microalgae composition of the invention.

Another embodiment of the invention provides an aquac-
ulture or animal feed comprising a concentrated microalgae
composition of the mvention.

Another embodiment of the invention provides a purified
lipid composition prepared by a process involving puriiying
lipids from a concentrated microalgae composition of the
invention, wherein the purified lipids comprise at least 5%
(preferably at least 10%) by weight EPA or DHA or a com-
bination thereof.

DETAILED DESCRIPTION

Definitions:

The term “microalgae™ as used herein refers to photosyn-
thetic organisms that are native to aquatic or marine habitats
and are too small to be seen easily as individual organisms
with the naked eye.

The term “‘photoautotrophic” as used herein refers to
growth with light as the primary source of energy and carbon
dioxide as the primary source of carbon.

As used herein, the term ““a dilution rate of [e.g.] 30% per
day” means that 30 ml of medium 1s added to 100 ml of
culture each day, either continuously over the course of a day
or in a single batch addition each day. The term *““a dilution
rate of less than X % per day” means that the average dilution
rate over a period of days 1s less than X % per day and that no
individual dilution during culturing 1s greater than X % 1n a
single day.
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As used herein, the term “maximal rate” of cell number
increase refers to the maximal rate achieved at any stage
during the outdoor photoautotrophic growth of the particular
harvested culture being referenced.

As used herein, cultivating microalgae “outdoors in open
ponds” means cultivating them exposed to unfiltered outdoor
air. The ponds may be covered with a fabric cover that shades
the pond or filters sunlight provided the pond 1s exposed to
unfiltered outdoor arr.

Description

The mvention provides various methods for culturing
microalgae photoautotrophically outdoors to produce EPA
and DHA. One method used 1s filtering sunlight to reduce the
light intensity on the photoautotrophic culture. Shade cloth or
netting can be used for this purpose. We have found for most
strains that the optimal solar intensity for growth, maintaining
a pure culture, and omega-3 fatty acid accumulation 1s about
40,000 to 50,000 lux, approximately half of the 110,000 lux
of Tull sunlight. Shade cloth or netting 1s suitable for filtering
the sunlight to the desired intensity.

Another method used to successtully culture microalgae
photoautotrophically outdoors to produce EPA and DHA 1s to
use small dilutions and a slow dilution rate of less than 40%
per day, preferably less than 35% per day, more preferably
from about 15% to about 30% per day. In other embodiments,
the dilutionrate1s 15-40% per day or 15-35% per day. In other
embodiments, the dilution rate 1s 10-30%, 10-35%, or
10-40% per day. These smaller dilutions and lower dilution
rates than are typically used help prevent contamination in
outdoor photoautotrophic cultures. It also promotes thick cul-
ture growth that gives good DHA or EPA yield.

Another method used to successtully culture microalgae
photoautotrophically outdoors to produce EPA and DHA 15 to
harvest the microalgae 1n exponential phase rather than sta-
tionary phase. Harvesting in exponential phase reduces the
risk ol contamination 1n outdoor photoautotrophic cultures
and has surprisingly been found to give good yield of EPA and
DHA. Typically, to drive fat accumulation 1n microbial cul-
tures, the cultures are harvested in stationary phase, since
cells 1n stationary phase tend to accumulate storage lipids.
But the inventors have found that EPA and DHA accumulate
to large amounts as membrane lipids in cultures harvested in
the exponential phase. The membrane lipids containing EPA
and DHA are predominantly phosphodiacylglycerides and
glycodiacylglycerides, rather than the triaclyglycerides
found 1n storage lipids. The cultures are typically harvested
when cell number 1s increasing at a rate at least 20% of the
maximal rate, 1.e., the maximal rate achieved at any stage
during the outdoor photoautotrophic growth of the harvested
culture. In specific embodiments, the cultures are harvested in
exponential phase when cell number 1s increasing at a rate of
at least 30%, at least 40%, or at least 50% of maximal rate.

With these techniques and the strains grown, the mnventors
have also achieved good DHA and EPA vyields with culture
outdoors at high temperatures. Others have reported that
DHA and EPA accumulate better at low temperatures, and
that a cold shock step, where a culture 1s grown at higher
temperatures but then shifted to low temperatures, e.g., 12°
C., for several days before harvest, 1s needed to accumulate
omega-3 fatty acids (15, 22). The mventors have found that
DHA and EPA accumulate to good levels 1n the strains used
even with growth at 30-35° C. in the Indian summer. Thus,
some embodiments of the invention 1volve outdoor photo-
autotrophic growth at least 20° C., at least 25° C., or at least
30° C. As used herein, reference to growth at least a given
temperature means that the culture 1s maintained at least that
temperature for a majority of the outdoor photoautotrophic
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culture time and a majority of the last 72 hours, 48 hours, and
24 hours betore the culture 1s harvested.

Preferably the cultures are maintained outdoors photoau-
totrophically for at least 14 days.

In preferred embodiments of the methods and composi-
tions of the mmvention, the microalgae are not genetically
modified by recombinant DNA techniques.

In some embodiments of the methods and compositions of
the invention, the microalgae are diatoms. In some embodi-
ments the diatoms are Thalassiosira sp. or Chaetoceros sp.

In some embodiments, particularly with diatoms, or with
Thalassiosiva sp. or Chaetoceros sp., at least 20% by weight
of the fatty acids 1n the microalgae are EPA.

In other embodiments, the microalgae are Chlorophyta
(green algae). In some embodiments, the Chlorophyta are
letraselmis sp.

In some embodiments, particularly where the microalgae
are Chlorophyta, the EPA vield in the microalgae 1s at least 10
mg/liter culture.

Microalgae suitable for DHA production include Prymne-
s1ophyta, more specifically those of class Prymnesiophyceae,
more specifically those of order Isochrysales, more specifi-
cally Isochrysis sp. or Paviova sp.

In some embodiments of the invention, the DHA vyield 1s at
least 3 mg/liter culture and DHA 1s at least 10% by weight of
fatty acids 1n the microalgae. In other embodiments, the DH
yield 1s at least 5 mg/liter culture and DHA 1s at least 10% by
weight of fatty acids 1n the microalgae.

In particular embodiments, CO, 1s added to the open ponds
during cultivation. This helps to neutralize pH and to enhance
photoautotrophic growth.

In the methods of the invention, the EPA and DHA are
typically predominantly membrane lipids and phosphodi-
acylglycerides or glycodiacylglycerides. In some embodi-
ments, at least 40% of the EPA or DHA are in the form of
phosphodiacylglycerides or glycodiacylglycerides or a com-
bination thereof. In some embodiments, at least 30%, at least
50%, or at least 60% of the EPA or DHA 1n the microalgae are
in the form of phosphodiacylglycerides or glycodiacylglyc-
erides or a combination thereof.

The 1nvention also provides a purified lipid composition
prepared by a process comprising: purifying lipids from any
of the concentrated microalgae compositions of the mven-
tion, wherein the purified lipids comprise at least 5% by
weight EPA or DHA or a combination thereotf. In particular
embodiments, at least 20% by weight of fatty acids 1n the lipid
composition are EPA. In other embodiments, at least 10% by
weight of the fatty acids 1n the lipid composition are DHA.

In some embodiments of the purified lipid compositions, at
least 30%, at least 40%, at least 50%, or at least 60% of the
EPA or DHA or both in the composition are in phosphodi-
acylglycerides or glycodiacylglycerides or a combination
thereof.

The invention also provides a food grade dietary supple-
ment for human consumption containing a concentrated
microalgae composition of the invention or a purified lipid
composition of the mvention.

Another embodiment of the invention provides an aquac-
ulture feed or animal feed containing a concentrated microal-
gae composition of the invention or a purified lipid composi-

tion of the ivention.

The mmvention will now be illustrated by the following
examples. The examples are intended to illustrate the mven-
tion but not limait 1ts scope.
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EXAMPLES

Example 1

Strain:—Thalassiosiva sp. Thalassiosira sp. 1s a diatom,
and the strain used was 1solated from Bay of Bengal. This
strain dominates during summer months, and it was 1solated
from seawater collected near Chemai, India. This culture was
maintained 1n open tubs. The strain was 1dentified as Thalas-
siosira weissflogii. This strain was capable of growth at high
temperatures (35-38° C.). The fatty acid profile was good
even when the alga was grown at high temperature—with
25-30% EPA (as percentage of fatty acids).

Culturing

The lab cultures were maintained 1n tubs 1n artificial sea-
water medium, under fluorescent lights (3000-4000 lux) and
the temperature was maintained at 25° C.

Initial expansion of the culture was done under laboratory
condition 1n tubs. The dilution rate was 15% to 30% of the
total culture volume per day. Once the volume was 40-50
liters, 1t was transferred to an outdoor pond. The outdoor
ponds were covered with netting to control the light (40000 to
50000 lux). The dilution continued until the culture reached
100,000 liters volume. The culture was held i 500 sq. m
ponds at this time, with a culture depth of 20 cm. The culture
was stirred with a paddle wheel and CO,, was mixed to keep
the culture pH neutral. When the EPA levels in the pond
reached a desirable level (10-15 mg/lit), the whole pond was
harvested by filtration. The filtered biomass was washed with
saltwater (15 parts per thousand concentration) and then
spray dried. The mode of culturing was batch mode. The EPA
productivity was 2-3 mg/lit/day.

The ponds can also be run continuously for several weeks
by harvesting part of the culture, recycling the filtrate 1nto the
ponds and replenishing required nutrients.

Example 2

Strain: Tetraselmis sp. Ietraselmis sp. 1s 1 the division
Chlorophyta and the class Prosinophyceae or Micromanado-
phyceae. This strain was obtained from the Central Marine
Fisheries Research Institute, India. It was 1solated from the
local marine habitats in India. The culture was maintained 1n
flasks 1n artificial seawater medium, and expanded as
described for Thalassiosira. With culture outdoors in open
ponds as described for Thalassiosiva, the strain gave a good
lipid yield (200-300 mg/liter) and an EPA content of 6-7% of
fatty acids.

Example 3

Strain: Chaetoceros sp. This 1s another diatom strain
obtained from the Central Marine Fisheries Research Insti-
tute, India, and 1solated from local marine habitats in India.
Chaetoceros sp. was maintained in flasks and cultivated 1n
outdoor ponds photoautotrophically as described in Example
1. It gave similar EPA productivity and EPA content as
Thalassiosira, described 1n Example 1.

Example 4

Strain: Isochrysis sp. Isochrysis 1s 1n the Prymnesiophyta,
class Prymmesiophyceae, order Isochrysidales. It was
obtained from the Central Marine Fisheries Research Insti-
tute, India, and 1solated from local marine habitats in India. It
was maintained and grown as described in Example 1. It was
expanded from laboratory culture to a 50,000 liter outdoor
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pond culture 1n 14-15 days with a dilution rate of 15-30% per
day. The lipid content at harvest was 100-150 mg lipids/liter.
The rate of lipid production was 25-350 mg/liter/day. DHA
was 10-12% of total fatty acids.

Example 5

Harvesting and Drying:

The harvesting may be done by flocculation. The com-
monly used flocculants include Alum with polymer; FeCl,
with or without polymer and chitosan. The concentration of
flocculent will depend on the cell number 1n the culture before
harvest. The range may vary from 100 ppm to 500 ppm.
Alternatively harvesting 1s done by filtration using appropri-
ate meshes. Removal of adhered chemicals (other than salt) 1s
cifected by washing the cells 1n low salimity water.

The harvested slurry is then taken for spray drying. If
required the slurry 1s sometimes encapsulated to prevent oxi-
dation. The concentration of encapsulating agent may vary
from 0.1 to 1.0% on dry weight basis. Modified starch 1s a
suitable encapsulating agent. The spray dryer used 1s of atom-
1zer or nozzle type. The inlet temperature ranges from 160 to
190° C. and the outlet temperature ranges from 60 to 90° C.
The spray dried powder 1s used immediately for extraction. If
storage 1s needed, the powder 1s packed 1n aluminum lamai-
nated pouches and sealed after displacing the air by nitrogen.
The packed powder 1s stored at ambient temperature until
turther use.

Example 6

Extraction:

Extraction of EPA/DHA 1s carried out using wet slurry or
dry powder. Extraction 1s carried out using solvents. The
solvents include hexane, ethanol, methanol, acetone, ethyl
acetate, 1sopropanol and cyclohexane and water. The above
solvents are used alone or a combination of two solvents. The
solvent to biomass ratio depends on the starting material. I1 1t
1s a slurry the ratio 1s 1:2 to 1:10. In the case of a spray dried
powder, theratio 1s 1:4to 1:30. The extraction is carried out in
an extraction vessel under mert atmosphere. Extraction tem-
perature ranges from 25 to 60° C. and the time varies from one
hour to 10 hours. Solvent addition 1s made one time or 1n parts
based on the lipid level 1n the cells. After extraction of crude
lip1d, the mixture 1s passed through a centrifuge or filtration
system to remove the cell debris. The lipid 1n the filtrate 1s
then concentrated by removing the solvent by distillation.
The distillation process 1s carried out under vacuum. The
resulting product 1s a crude lipid extract, which contains
approximately 10% omega 3 fatty acid (EPA/DHA). This
lipid extract can be used as such or purified further to enrich
the omega 3 fatty acids. Further purification may involve
removal of unsaponifiables such as pigments, sterols and their
esters.
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What is claimed 1s:
1. A method of preparing a concentrated microalgae com-
position comprising:
cultivating microalgae photoautotrophically outdoors in
open ponds under filtered sunlight 1n continuous or
batch mode at a dilution rate of less than 35% per day;

harvesting the microalgae 1n exponential phase when cell
number 1s 1ncreasing at a rate of at least 20% of maximal
rate of growth; and

concentrating the microalgae to obtain a concentrated

microalgae composition having at least 40% of lipids in
the microalgae 1n the form of glycodiacylglycerides,
phosphodiacylglycerides, or a combination thereof and
at least 5% by weight of fatty acids are docosahexaenoic
acid (DHA), eicosapentaenoic acid (EPA), or a combi-
nation thereof;

wherein (a) the microalgae are Ietraselmis sp. and EPA

yield 1n the microalgae 1s at least 10 mg/liter culture, (b)
the microalgae are Isochrvsis sp. or Paviova sp., (¢) the
microalgae are Thalassiosira sp. or Chaetecoros sp. and

EPA vyield 1n the microalgae 1s at least 10 mg/liter cul-
ture, or (d) the microalgae are Ietraselmis sp. and are
cultivated at above 20° C. and EPA yield in the microal-
gae 1s at least 10 mg/liter culture.

2. The method of claim 1 wherein the microalgae are dia-
toms and are cultivated photoautotrophically outdoors in
open ponds for at least 14 days under filtered sunlight; and at
least 20% by weight of the fatty acids are EPA.

3. The method of claim 1 wherein the microalgae are cul-
tivated at above 20° C.
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4. The method of claim 3 wherein the microalgae are cul-
tivated at above 30° C.

5. The method of claim 1 wherein the microalgae are cul-
tivated photoautotrophically outdoors 1n open ponds for at
least 14 days under filtered sunlight.

6. The method of claim 1 further comprising bubbling CO,
into the open ponds during cultivation.

7. The method of claim 1 wherein at least 20% of the fatty
acids 1n the microalgae are eicosapentaenoic acid (EPA).

8. The method of claam 1 wherein the concentrated

microalgae composition 1s a food grade dietary supplement.
9. The method of claam 1 wherein the concentrated
microalgae composition 1s an aquaculture or animal feed.
10. A method of preparing a purified lipid composition
comprising;
cultivating microalgae photoautotrophically outdoors 1n
open ponds under filtered sunlight 1n continuous or
batch mode at a dilution rate of less than 35% per day;
harvesting the microalgae in exponential phase when cell
number 1s increasing at a rate of at least 20% of maximal
rate of growth; and
concentrating the microalgae to obtain a concentrated
microalgae composition having at least 40% of lipids 1n
the microalgae 1n the form of glycodiacylglycerides,
phosphodiacylglycerides, or a combination thereof and
at least 5% by weight of fatty acids are docosahexaenoic
acid (DHA), eicosapentaenoic acid (EPA), or a combi-
nation thereof; and
purilying lipids from the concentrated microalgae compo-
sition by extracting the lipids to obtain the purified lipid
composition, wherein the purified lipids comprise at
least 5% by weight EPA or DHA or a combination
thereof;
wherein (a) the microalgae are Tetraselmis sp. and EPA
yield in the microalgae 1s at least 10 mg/liter culture, (b)
the microalgae are Isochrvsis sp. or Paviova sp., (¢) the
microalgae are Thalassiosira sp. or Chaetecoros sp. and
EPA vyield 1n the microalgae 1s at least 10 mg/liter cul-
ture, or (d) the microalgae are Tetraselmis sp. and are
cultivated at above 20° C. and EPA yield in the microal-
gae 15 at least 10 mg/liter culture.
11. The method of claim 10 wherein at least 20% of fatty
acids 1n the purified lipids are EPA.
12. The method of claim 10 wherein at least 10% of fatty
acids 1n the purified lipids are DHA.
13. The method of claim 10 wherein at least 40% of the
EPA or DHA or both 1n the purified lipids are 1n glycodia-
cylglycerides or phosphodiacylglycerides or a combination
thereof.
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